In utero and lactational exposure to organophosphate dimethoate exerted toxic impact on the reproductive system of male mice. Pregnant mice were exposed to 4, 8, and 16 mg/kg of the pesticide, the sublethal doses (2.5, 5, and 10% of Lethal Dose 50 [LD 50 ]), via gavaging from gestation day (GD) 6 to postnatal day (PND) 21. The effects on the male reproductive system were evaluated at two stages: at prepubertal age (PND 22) and at the postpubertal age of PND 63. Gonadal inhibition was reflected in the significant reduction of weight and distinct histopathological alteration of testis and epididymis as well as in decreased sperm counts, which could be linked to hormonal imbalance caused by dimethoate interference of reproductive axis. Disruption of pituitary-testicular axis was shown in the weak immunointensity of luteinizing hormone (LH) cells, reduction in their size and number, and lowered plasma LH and testosterone levels as observed in the neonates exposed to two higher tested doses. In addition, the direct toxic impact of the pesticide on the testicular Leydig cells and inhibition of steroidogenesis could be suggested. Drastic reduction in the testosterone level (~70%) was suggestive of this effect. The adverse effects were persisted in the young adult mice. Developmental toxicity was evident in the highest dose-exposed (10% LD 50 ) group where GD length and stillbirths were significantly increased along with a decrease of body weight and anogenital distance of the fetus. Maternal exposure of pesticide during gestation and lactation periods thus adversely affected the pituitary-testicular axis of mice neonates, which further caused reproductive dysfunctioning of young adult mice.
Dimethoate
(O,O-dimethyl S-methylcarbamoylmethyl phosphorodithioate) is a broad-use systemic organophosphate insecticide/acaricide. Products containing dimethoate are registered for use in agricultural fields and in home gardens. Formulations of registered dimethoate products are available in aerosol form and as emulsifiable concentrates. Dimethoate products are used both as a preharvest and as a postharvest insecticide in agriculture. In the home garden, they are used to control many common insect pests in a wide range of vegetables, flowers, and fruit crops, as well as on ornamentals. It is normally applied by airblast, backpack sprayer, hand spray, and as a fruit dip. It is moderately toxic to higher vertebrates by ingestion, inhalation, and dermal absorption. Occupational exposure to dimethoate may occur during manufacture and application. Although dimethoate has a lowenvironmental persistence (Extension Toxicology Network [EXTOXNET], 1996) , it has been reported to cause developmental toxicity as well as reproductive failures in organisms upon repeated exposures. Developmental toxicity of dimethoate includes decreased number of implantations and live fetuses, increased incidences of resorptions, and decreased fetal body weights (Farag et al., 2006; Mahadevaswami and Kaliwal, 2004; Srivastava and Raizada, 1996) . Reproductive toxicity of this pesticide on adult rodents of both the sexes has been demonstrated. Irregularities of estrous cycle and altered level of serum gonadotrophins have been reported in females (Kaur and Dhanju, 2005; Mahadevaswami and Kaliwal, 2002) , while impairment of fertility, suppressed libido, semen quality deterioration, altered testosterone levels, and testicular degeneration are few of the reports available in males (Farag et al., 2007; Sayim, 2007) . No studies have been conducted to examine the effects of maternal exposure to dimethoate on the developing reproductive system of rodents or any other vertebrates.
Exposure during gestation and/or lactation to various pesticides including some organophosphates has been shown to perturb the reproductive system/activity of both male and female rodents. Effect on weight and histopathology of gonads and accessory glands, alterations in sperm counts and hormonal levels, irregular estrous cycles, and impaired fertility have been reported (Anas et al., 2005; Hojo et al., 2006; Turner et al., 2002; Uzumcu et al., 2006; Wolf et al., 2004) . The present investigation was carried out to elucidate the reproductive endocrine toxic effect on the male mice exposed during early life (gestation and lactation) to the commercial grade dimethoate (Rogor, Rallis India), hypothesizing that exposure during this critical stage might adversely affect the male offsprings. The reproductive endocrine toxicity was evaluated on the basis of study of the pituitary-testicular axis at two different stages of postnatal development. The impact of 1 To whom correspondence should be addressed. Fax: 91-0532-2460788. E-mail: drbana_mohanty@rediffmail.com. immediate exposure through mother (gestational and lactational) was assessed at the prepubertal age of postnatal day (PND) 22 . The other assessment was done at PND 63 (sexual maturity age) to address whether the adverse effects observed, if any, persisted to adulthood or not. Weight analysis and histopathological study of the testis and accessory gland epididymis as well as sperm counts were carried out to evaluate the impact on the reproductive system. In addition, immunocytochemistry of pituitary gonadotropes (luteinizing hormone [LH] cells) as well as estimation of plasma LH and testosterone levels were done for better understanding of the mechanism of effects on the reproductive axis. Developmental toxicity of the dimethoate was also assessed by monitoring the gestation day (GD) length, litter size, number of live fetuses and stillbirths, and the body weight.
MATERIALS AND METHODS
Animals. Swiss albino female mice procured from Central Drug Research Institute, Lucknow, India, were acclimatized to laboratory condition for 2 weeks before subject to experimentation. Animals were housed in polyvinyl chloride cages (290 3 320 3 390 mm) and maintained under standard laboratory conditions having 12:12-h light/dark cycle in a temperature (21°C ± 2°C) and humidity (55 ± 5%) controlled room. The animals had free access to food (mice feed) and water. The maintenance and handling of the animals were done according to the guidelines of the Committee for the Purpose of Control and Supervision of Experimental Animals, Ministry of Environment and Forests, Government of India. The experimental protocols were approved by the Institutional Animal Ethical Committee of the University.
Test chemical and dose. Commercial grade pesticide (Rogor) was used for the present study in which the active ingredient was 30% wt/wt dimethoate.
The Lethal Dose 50 (LD 50 ) of dimethoate for mice, which was reported to be 160 mg/kg via oral route exposure (EXTOXNET, 1996) , was taken as the reference value. The present study was carried out with sublethal doses equivalent to 2.5 (4 mg/kg body weight), 5 (8 mg/kg body weight), and 10% (16 mg/kg body weight) of the reference LD 50 dose.
Experimental design. Female mice weighing 30 ± 1 g were placed with males overnight, and the day on which sperm was detected in the vaginal smear was counted as day 1 of pregnancy. Four groups of pregnant females (six per group) were maintained, each female was housed separately. Group I was the control, groups II-IV were exposed to 4, 8, and 16 mg/kg dimethoate, respectively. Dimethoate was administered via oral gavaging on every other day from GD 6 to PND 21. Group I mothers were gavaged with equal volume of distilled water (vehicle). There was a 1-day interruption of treatment on the day of parturition. The pups from each of the groups were randomly selected (8-10 numbers) and were sacrificed on PND 22 (prepubertal stage). The second stage of sacrification of young adult mice (8-10 numbers from each group) was carried out on PND 63, i.e., at sexual maturity age. Body weight was monitored on weekly basis for the mothers as well as for the postnatal pups until their sacrification. Food intake was measured daily for mothers during the gestation and lactation period to an accuracy of 0.1 g. The anogenital distance, i.e., the length from the base of the sex papilla to the proximal end of the anal opening of the pups, was measured using a dissecting microscope on PND 1, PND 22, and PND 63.
Plasma sampling and tissue preparation. Each animal was ether anesthetized and the blood was collected via cardiac puncture in heparinized microcentrifuge tubes. The plasma was separated by centrifugation at 3000 rpm (825g) for 15 min and stored at À20°C until used.
Following plasma collection, the controls as well as experimental mice were euthanized by cervical dislocation. Brains with pituitaries were quickly dissected out and fixed in sublimate formol (9:1, mercuric chloride:formaldehyde). Testis and epididymis were blotted immediately after removal, weighed, and fixed in Bouin's fixative. After overnight fixation, the tissues were thoroughly washed, dehydrated, cleared in xylol, and processed for paraffin embedding. One epididymis of each young adult male (PND 63) of all the groups was processed for sperm counts.
Sperm count. The cauda epididymis was macerated in 2 ml of 0.85% saline to obtain a suspension. After keeping the suspension for 24 h at 4°C, it was used for sperm count in a Neubauer chamber (Sobarzo and BustosObregón, 2000) . For each animal, the sperm count was done thrice and the average per group was calculated.
Histopathology of testis and epididymis. Paraffin blocks of the testis and epididymis were cut at 5-to 7-l thickness and stretched on glass slides. After deparaffinization, the sections were stained with hematoxylin-eosin and observed under light microscope.
Pituitary immunocytochemistry. Sections of 5-7 l were cut and stretched on sterilized glass slides. For immunocytochemical staining, avidine-biotin complex method of Hsu et al. (1981) was employed. In brief, after deparaffinization, sections were rehydrated, rinsed in phosphate buffer saline (PBS), and immersed in 10% normal goat serum in PBS at room temperature for 10 min. Overnight incubation with primary antibody (anti-rat LHb, 1:500) at 4°C was then followed. After thorough rinsing in PBS, the sections were subsequently reacted with biotinylated immunoglobulin G (secondary antibody) and streptoavidine-horseradish peroxidase complex. Immunoreactivity was visualized by incubating the slides in a chromogen mixture of 3,3#DAB (diaminobenzidine, 10 mg in 0.1% H 2 O 2 ).
Morphometric analysis. Diameters were measured for seminiferous tubules and epididymal tubule and its lumen in randomly selected 100 tubules, each from testis and epididymis of every pup. For size determination of testicular Leydig cells, principal cells of the epididymal epithelium and their nucleus, and LH cells, 50 cells of each type from each pup were evaluated. Number of Leydig and LH cells per millimeter square was noted. The immunointensity of LH cells was quantified by measurement of the mean optical density (OD) of 50 immunoreactive LH cells and then corrected by subtraction of the background OD of the corresponding section. The Kodak photographic No. 3 step tablet was used for the calibration of OD. All morphometric analysis was done using the Image J 1.32 image analysis software package (NIH, Bethesda, MD). Hormone assay. The LH level in the plasma was assessed according to the protocol described in Eliscan LH immunoassay kit (RFCL, New Delhi, India) and that of testosterone level using immunoassay kit of EIAgen (Bologna, Italy). The samples were run in duplicate. The intraassay and interassay coefficients of variations were < 5.5 and < 6.5% for LH and 6.2 and 3.9% for testosterone assay kits.
Statistical analysis. All values were represented as means ± SEM. Statistical significance between the control and experimental data was subjected to ANOVA together with Dunnett's test (p < 0.05).
RESULTS

Maternal and Developmental Toxicity
The body weight gain of the dimethoate-exposed dams was decreased in comparison to their control counterparts, significant only with 16 mg/kg exposure. No significant alterations occurred in the organs weight (kidney, liver, ovary, and uterus; data not shown). Food intake of the exposed dams was also not REPRODUCTIVE TOXICITY OF DIMETHOATE altered. A significant increase in the percentage of stillbirths was observed on both 8 and 16 mg/kg exposure ( Table 1 ). The GD length was significantly increased at the highest tested dose, with the litter size showing only a decreasing trend (Table 1) . A decrease in the anogenital distance was observed only on PND 1 in the pups born to the dams exposed to 16 mg/ kg dimethoate (Table 1) . Both in the 8-mg/kg and in the 16-mg/kg exposure groups, the body weight of pups was significantly less at PND 1, being 78 and 57% of their control. The gain in body weight was significantly less only in pups of 16-mg/kg exposure group but comparable to their control counterparts in the 4-and 8-mg/kg exposure group pups during the lactation till the sexual maturity age (Table 1) .
Effects on Reproductive Axis
Weight of Testis and Epididymis
Testicular weight was decreased dose dependently, significant only with the 16-mg/kg exposure group both at prepubertal and at postpubertal stage, reduction being 38 and 14% of their respective control counterparts ( Table 1 ). The epididymal weight was significantly reduced both in the 8-mg/kg and in the 16-mg/ kg exposed groups,~40-42% in the prepubertal and 17-20% in the postpubertal groups ( Table 1 ). The testicular as well as epididymal weight in the 4-mg/kg group were comparable to that of their control counterparts at either of the age (Table 1) .
Histopathology
Distinct dose-related histopathological alterations were observed in the testis and accessory reproductive gland epididymis of both prepubertal and postpubertal mice (Table 2, Figs. 1-3A and 3B).
Testis. Testicular regression was evident on dimethoate exposure, dose dependently. Diameter of seminiferous tubules significantly decreased only in the 16-mg/kg exposure group 14% in both the prepubertal (PND 22) and the postpubertal (PND 63) stage (Table 2) . Reduction in the layers of germ cells, disruption of germ cell alignment, and absence or a decrease in the number of spermatozoa was observed in the seminiferous tubules of the testis of the two higher exposure groups at the prepubertal age (Figs. 1A-D and 3A) . Reduction in the Leydig cell size and number was also observed; the 6.5 ± 0.26 7.29 ± 0.4 6.6 ± 0.14 7.0 ± 0.46 5.75 ± 0.14* 6.0 ± 0.2* 5.3 ± 0.66* 5.71 ± 0.5* Pituitary LH cell size 13.0 ± 0.34 20.5 ± 0.61 12.9 ± 0.61 20.68 ± 0.8 10.93 ± 0.17* 17.31 ± 0.4* 7.62 ± 0.32* 12 ± 0.24* *Significance from control at p < 0.05.
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VERMA AND MOHANTY former was reduced by 19 and 26% and the latter by 27 and 31% in the 8-and 16-mg/kg exposure groups on PND 22 (Table 2, Figs. 1C and 1D and 3B) . The disruptions in all these observed parameters were evident in the testis of postpubertal pups exposed as neonates to both these doses but to a lesser extent compared to their prepubertal counterparts (Figs. 1E-H and 3A and 3B). Spermatogenic arrest was distinct in the testis of postpubertal pups exposed to 16 mg/kg dimethoate evident by few layers of germ cells in the seminiferous tubules with sparse or complete absence of sperms in the luminal space. The tubular lumen was filled with debris ( Fig. 1H) . Testis histology of pups of the 4-mg/kg exposure group was comparable with the control at either of the ages.
Epididymis. Significant reduction in the diameter of both epididymal tubule and its lumen was observed only on exposure to 16 mg/kg of pesticide in the prepubertal groups ( Table 2 ). The percentage reduction from the control was less in the postpubertal pups compared to the prepubertal groups but not significant. Unlike the ovoid epididymal tubules of the control, they were flattened having principal cells of reduced height bearing reduced nucleus and irregular stereocilia in the exposed groups ( Figs. 2A-H) . Sparse sperms were observed in their lumens at both the stages (Fig. 2) . The principal cell height was recovered to the control values at the postpubertal stage but the reduction in the nuclear size was persistent (Table 2, Figs. 2G and 2H). Undifferentiated epididymal tubules were observed in the 8-and 16-mg/kg exposure groups both at prepubertal and at postpubertal age (Fig. 2) .
Sperm Counts
The sperm count was decreased significantly, reduced by 14 and 21%, respectively, with the higher doses of 8 and 16 mg/kg at the postpubertal age but not affected with 4 mg/kg exposure (Fig. 3C) .
Immunocytochemistry of Pituitary LH Cells
The intensity of immunoreaction of the pituitary LH cells was comparable to the control values in the 4-mg/kg exposure REPRODUCTIVE TOXICITY OF DIMETHOATE 453 pups both at prepubertal as well as at postpubertal age. The LH immunointensity was significantly less in the groups exposed to 8 and 16 mg/kg at either of the age (Figs. 4A-H) . The OD was reduced by 41.3 and 20.3% with 8 mg/kg exposure and by 49.6 and 35.4% with 16 mg/kg exposure at the prepubertal and the postpubertal stage, respectively (Fig. 5A) . Number of the LH cells (per mm 2 ) was also less (Fig. 5B) together with a reduction in their size of about 16% in the 8-mg/kg exposure and 41% in the 16-mg/kg exposure groups at either of the age (Table 2) .
Hormone Assay
The circulating LH and testosterone levels were decreased dose dependently in the prepubertal groups, significant for the two tested higher doses (Figs. 6A and 6B) . The plasma LH level was reduced by 6, 23, and 47% in the pups exposed to 4, 8, and 16 mg/kg, respectively, compared to the control values (Fig. 6A) . A drastic reduction in the plasma testosterone level, 60 and 73%, occurred with 8 and 16 mg/kg exposure, respectively (Fig. 6B) . With 4 mg/kg exposure, the reduction was only 11%. At the postpubertal age, significantly reduced plasma LH was also recorded (by 17%) only in the 16-mg/kg exposure group (Fig. 6A ). Significant lowering of the testosterone levels occurred with both the higher doses at the postpubertal age,~17 and 40% in 8 and 16 mg/kg, respectively (Fig. 6B) .
DISCUSSION
Endocrine toxicity of pesticides has been well recognized, and many studies have reported their adverse effects on the reproductive axis of animals, including humans (Akingbemi et al., 2000; Rignell-Hydbom et al., 2004) . Organophosphorus pesticides such as malathion, dichlorvos, chlorpyrifos, and dimethoate have been reported to affect male reproductive system of adult rodents, inducing histopathological alterations in testes, spermatogenic disturbances, as well as altered testosterone levels (Choudhary et al., 2008; Farag et al., 2007; Huang et al., 2006; Joshi et al., 2007; Sayim, 2007) . The present study revealed that the gestational and lactational exposures to sublethal doses of dimethoate affected the reproductive system of male mice neonates, which persisted to adulthood.
Exposure to sublethal doses of dimethoate during prenatal as well as postnatal life induced substantial maternal and developmental toxicity. Maternal toxicity was evident by the decrease in maternal body weight gain. Reduction in maternal body weight has been reported in rats at sublethal doses for dimethoate and with other organophosphates (Farag et al., 2003 (Farag et al., , 2006 Mahadevaswami and Kaliwal, 2004) . Developmental toxicity was more pronounced in the 16-mg/kg exposure group where a significant increase in GD length and incidences of stillbirths were reported, the 8-mg/kg exposure group dams showed only a significant increase in the percentage of stillbirths. Significant reduction in the fetal body weight was also observed on PND 1 in 8-and 16-mg/kg exposure groups. No developmental toxicity was observed in the 4-mg/kg exposure group. Developmental toxicity in mice on gestational exposure to dimethoate has been reported but at . Values are expressed as mean ± SEM. *p < 0.05 and **p < 0.01 significantly different compared to control.
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VERMA AND MOHANTY higher doses than tested in this study (Farag et al., 2006; Mahadevaswami and Kaliwal, 2004) . The exposure throughout the gestation as well as lactation might be the reason behind the observed maternal as well as developmental toxicity at 8 and 16 mg/kg dimethoate. Maternal toxicity might have induced the adverse effects on the fetus in addition to direct fetotoxic effect of dimethoate as suggested by other workers (Farag et al., 2006; Srivastava and Raizada, 1996) . Dimethoate might have affected the fetus through placental transfer during gestation. There are reports of placental transfer of organophosphates, trichlorfon and quinalphos (Berge and Nafstad, 1986; Srivastava et al., 1992) .
Reproductive endocrine toxicity of dimethoate was evident during the postnatal development in the two higher dose groups. A decrease in anogenital distance was observed only at PND 1 on 16 mg/kg exposure, which was a transient effect. The measurement of anogenital distances in early postnatal life is considered as a relative sensitive end point of altered 
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androgen action during development, and the decrease of the anogenital distance for antiandrogenic pesticides has been reported (Hellwig et al., 2000; Turner et al., 2002) . Gonadal regression as indicated by the reduction in the testicular as well as epididymal weight and histopathological alterations in the same was pronounced at the prepubertal stage and persisted to adulthood. Decrease in the testicular weight persisted to the postpubertal age in 16-mg/kg exposure group. The effect on the epididymal weight was persistent with both the doses. Decreased testicular and epididymal weight has been reported in adult rodents upon direct exposure to dimethoate and other organophosphorus pesticides (Afifi et al., 1991; Choudhary et al., 2008; Huang et al., 2006; Joshi et al., 2007; Sayim, 2007) as well as to the pesticides having antiandrogenic potential (Gray et al., 1999; Turner et al., 2002) . Toxic insult of dimethoate to the spermatogenic as well as steroidogenic compartment of the testis was reflected in its histopathology. Reduced seminiferous tubule diameter, disruption of germ cells alignment, absent or sparse sperms in lumens, and reduction in Leydig cells size and number were observed in the prepubertal as well as postpubertal pups at the doses of 8 and 16 mg/kg. Arrest of spermatogenesis was distinct in the 16-mg/kg exposed group where the number of germ cell layers was significantly reduced with complete absence of sperms in many tubules. Similar histopathological disturbances in the adult rodent testes upon direct exposure to sublethal doses of dimethoate and other organophosphates have been reported (Choudhary et al., 2008; Farag et al., 2007; Huang et al., 2006; Joshi et al., 2007; Sayim 2007 ). Significant atrophy of epididymal tubules and altered histoarchitecture of the principal cells was also indicative of the negative impact of dimethoate on reproductive system. Adult rodent epididymis exposed to dieldrin, dichlorodiphenyl trichloroethane (p,p#-DDT), and lindane exhibited similar histopathology (Ben Rhouma et al., 2001; Dalsenter et al., 1997; Hallegue et al., 2003) . Reduction in caudal epididymal sperm count supports the spermatogenesis inhibitory potential of dimethoate. Disturbances in the spermatogenic process have been reported for pesticides, such as p,p#-DDT (Ben Rhouma et al., 2001), dieldrin (Hallegue et al., 2003) , atrazine (Kniewald et al., 1998) , dichlorvos (Okamura et al., 2005) , and fenitrothion (Turner et al., 2002) .
Pesticides in general disrupt the endocrine function by various ways. They may interfere with hormone synthesis/ release/storage/transport and hormone receptor recognition/ binding and/or by disrupting the central nervous system (CNS) (Colborn, 2006; Cooper and Kavlock, 1997; Walker, 2003) . The observed reproductive endocrine toxicity on dimethoate exposure might be due to pesticide interference of the pituitary further affecting the pituitary-testicular axis. Weak immunointensity and reduction of numbers of pituitary LH cells along with decreased plasma level of the hormone indicated interference of pituitary gonadotropes. The low-LH level might have affected further the testicular synthesis and secretion of testosterone whose levels were lowered in the exposure groups. Organophosphorus pesticides including dimethoate (Afifi et al., 1991; Choudhary et al., 2008; Joshi et al., 2007; Rawlings et al., 1998) and other antiandrogenic pesticides such as endosulfan, lindane, methoxychlor, and dieldrin were reported to reduce plasma LH and testosterone levels (Akingbemi et al., 2000; Dalsenter et al., 1997; Hallegue et al., 2003; Wilson and LeBlanc, 1998) . The low-testosterone levels might also be due to direct toxic effects of the pesticide on testicular Leydig cells, the steroidogenic component. Dimethoate might have inhibited the steroidogenesis in Leydig cells as demonstrated in vitro (Walsh et al., 2000) . Significant reduction in their size and number was also the direct indication of the toxic effects. The significantly high reduction in testosterone levels (60-70%) as compared to the reduction of LH levels (20-40%) indicated the same. The effects on the plasma LH and testosterone levels persisted to postpubertal age both in the 8-mg/kg and in the 16-mg/kg exposure groups. The decreased sperm counts at the postpubertal age might be the result of the decreased plasma levels of these two hormones as both are required for the maintenance of spermatogenesis (Ma et al., 2004) . The inhibition of spermatogenesis might also be due to the toxicity FIG. 6 . Graphs showing (A) plasma LH and (B) plasma testosterone levels in the control and exposed groups. Values are expressed as mean ± SEM. *p < 0.05 and **p < 0.01 significantly different compared to control. 456 of dimethoate on Sertoli cells. Spermatogenesis is dependent on the germ cells-Sertoli cells interactions and disorganization and/or depletion of the former is considered as a manifestation of injury to the latter (Griswold, 1995) . Dimethoate-induced toxic effect on the Sertoli cells of adult rodent testis has been reported (Sayim, 2007) . Significant drop in the testosterone level might also have interfered with the functioning of the Sertoli cells and subsequently affected the spermatogenesis. Regulatory role of testosterone on the secretory function of Sertoli cells has been documented (Weddington et al., 1976) .
Early-life exposure to dimethoate is thus potentially dangerous as the adverse effects persisted to adulthood. The observed reproductive endocrine toxicity might be due to direct interference of the pesticide of the pituitary-testicular axis. Being a neurotoxic pesticide, dimethoate (Colborn, 2006; Farag et al., 2006; Walker, 2003) might also have acted through the CNS further causing suppression of the gonadotropinreleasing hormone and thereby inhibiting this axis. Direct effects of dimethoate on the testis and accessory gland epididymis have also been suggested. 
